ABSTRACT High-frequency electric fields can be used to induce deformation of red blood cells. In the temperature domain T = 0°to -1 5°C (supercooled suspension) and for 250C this paper examines for human erythrocytes (discocytes, young cell population suspended in a low ionic strength solution with conductivity or(250) = 154 ,uS/cm) in a sinusoidal electric field (v = 1 MHz, E°= 0-18 kV/cm) the following properties and effects as a function of field strength and temperature: 1) viscoelastic response, 2) (shear) deformation (steady-state value obtained from the viscoelastic response time), 3) stability (by experimentally observed breakdown of cell polarization and hemolysis), 4) electrical membrane breakdown and field-induced hemolysis (theoretical calculations for ellipsoidal particles), and 5) mechanical hemolysis. The items 2-4 were also examined for the frequency v = 100 kHz and for a nonionic solution of very low conductivity (or (250) 
INTRODUCTION
Mechanical properties of the human red blood cell (RBC) membrane have been intensively investigated at temperatures between 200 and 40°C, mainly because there is great interest in understanding the ability of the RBC to deform in in vivo blood microcirculation and under the influence of diseases. Extension of the well known deformation experiments to subzero temperatures (supercooled cell suspensions) and discussion of the effects of low temperatures on the deformability and stability of erythrocyte membranes can, on the other hand, give insight into the mechanism of membrane damage during freezing.
One of the theories about freezing injury of RBCs during cryopreservation (leading to cell hemolysis) deals with the possibility of mechanical membrane damage. P. Mazur (Mazur et al., 1981) , for example, assumed that 1) the cells could be highly deformed in a freezing solution (also cf. Ishiguro and Rubinsky, 1994) and 2) the low temperature could render the cell membranes more liable to destruction under an applied mechanical stress (also cf. Muldrew and McGann, 1990) .
Generally, the possible extent and rate of cellular deformation under an applied external force are determined by the elastic and viscous membrane properties and the cytoplasm viscosity (intrinsic properties) as well as the cell shape and the surface-area-to-volume ratio of the cell (extrinsic properties) (Hochmuth, 1987; Evans and Skalak, 1980) . For temperatures between 50 and 50°C the intrinsic RBC properties such as elastic shear and compressibility moduli are only slightly temperature dependent, whereas the viscosities depend strongly on the temperature (Hochmuth, 1987; Engelhardt and Sackmann, 1988) . For temperatures below 0°C our measurements exhibit strong temperature dependence both for elastic and viscous properties of the erythrocyte membrane.
The only practicable technique for cell deformation in supercooled solutions is the electric field method presented by Engelhardt et al. (1984) and Engelhardt and Sackmann (1988) and modified in our laboratory for subzero temperatures (Thom, 1988) . A high-frequency electric field polarizes cells suspended in a low ionic strength solution in a frequency range where the Maxwell-Wagner polarization (Pohl, 1978) is effective (105) (106) (107) and thus generates within this frequency domain a constant uniaxial force in the direction of the electric field strength. The cells respond to that force by elongation, which is, up to high deformation values, mainly elastic shear deformation (deformation under constant cell volume and surface area). As the area com-pressibility modulus of the RBC membrane (of a normal biconcave discocyte) exceeds the elastic shear modulus by four orders of magnitude (Evans and Skalak, 1980) , very high forces are necessary for a membrane surface area dilation leading to destruction of the cell. However, application of high forces generated by an electric field is limited by electrical membrane breakdown (electrically induced pore formation and hemolysis of the blood cells). In direct current (DC) fields electrically induced hemolysis for human RBCs occurs for quite low critical electric field strengths (Eo 2.5 kV/cm; cf. Kinosita and Tsong, 1977a ).
Schwan's equation (Schwan, 1983) shows that both increasing frequency of an alternating current (AC) field and decreasing temperature will shift the critical field strength Ec,it for hemolysis to higher values, whereas Ecrit is lowered with increasing cell elongation (Bemhardt and Pauly, 1973) .
Thus, when discussing the mechanical stability of erythrocytes (i.e., no poration and hemolysis) during deformation as a function of temperature, the possible electrical effects have to be examined as well. This includes also an investigation of the sample heating by the electric field.
This paper investigates the effects of low temperatures on the deformation behavior and the stability of human erythrocytes of discoid shape.
EXPERIMENTAL METHODS Cell preparation and measuring solution
Blood was drawn from the arm vein of a healthy donor (mostly the same person), heparinized, and then separated into young and old erythrocytes using the method of density separation by Nash and Meiselman (1983) . The upper 10% of the cells (young cells) gained by this separation were then washed with the double amount of a buffered isotonic sodium citrate/glucose solution (cf. Meryman and Hornblower, 1991) and centrifuged for 10 min at 3000 X g. The washed erythrocytes were diluted by a factor of 1000 with the measuring solution. For most of the measurements, a low ionic strength solution (LISS) was used containing 280 mM/l sucrose, 5 mM/l glucose, and 0.9 mM/l Na2HPO4, with conductivity = 154 AS/cm (250C), pH = 7.4, and osmolarity = 310 mosmol/lkg. For some test measurements, a very low ionic strength solution (LISS2) was used containing 280 mM/l sucrose and 5 mM/l glucose, with a-= 10 pS/cm (250C), pH = 7.5, and osmolarity = 305 mosmol/kg.
The very small amount of cells in the measuring solution does not change these values and, moreover, has the positive effect of avoiding dipole interaction between the cells. The cells were always measured on the day of venipuncture, and only erythrocytes of discoid shape were examined. Approximately 60% of the erythrocytes (after resuspension in LISS) were discocytes at T = 25°C; the rest were mainly echinocytes. The amount of discocytes was increased to 70-80% while cooling down the suspension to 0°C or below. For temperatures T = 0 to -15°C the discocytes did 25°C the cells turned out to be less stable in shape; after 15 min most of the discocytes were changed to echinocytes, so a very short measuring time was required for reliable results.
The measuring procedure A portion of 3 ,ul of the measuring solution containing 0.1% erythrocytes is brought into the measuring chamber. The chamber consists of a system of two parallel gold wires placed between an upper and lower coverslide. The wire diameter is 20 ,um and their distance is -200 ,um. The wires are renewed after every measurement to avoid contamination, and so their distance has to be measured with a micrometer before every measurement to calculate the field strength applied (the distance can be measured with an accuracy of -2%). The measuring chamber is mounted on a cryomicroscope table (see Thom and Matthes, 1988, and an oscilloscope (RFT, EO 213) we measured this systematic deviation for U in the filled chamber from Uut to be at most -3% (for U0ut = 0-100 V). Thus we neglected these small deviations and set U U.
The frequency 1 MHz was chosen from the frequency regime where Maxwell-Wagner polarization becomes effective for the used suspension (Pohl, 1978; Engelhardt et al., 1984; Engelhardt, 1987; Engelhardt and Sackmann, 1988 
by increasing E stepwise with a step width At > Tres for every chosen value of E. The above defined d4o(E)T then describes the elastic deformation behavior of the cell membrane because the influence of the viscosities is eliminated.
ELECTRIC FIELD STRENGTH
The electric field strength of a system (in vacuum) consisting of two parallel cylindrical electrodes has its maximal value in the plane midway between the two electrodes, so the polarized cells are always pulled toward this plane. It is then sufficient to consider only one component of the field:
where x is the distance from the center between the electrodes, I is the electrodes' length, ro is their radius, b their distance (i.e., of the cylinder axes), and Q their charge (cf. Kupfmuller, 1955 (Nash and Meiselman, 1983) . Furthermore, viscosity and shear modulus vary for cells of different donors (Engelhardt and Sackmann, 1988) . These problems can be partly overcome by cell separation and restriction to the young cells of a single donor. Differences in the mechanical behavior of cells are increased for measurements at temperatures below 0°C. Our 2655 measurements show that the response time Tres for a cell decreases with increasing E (Fig. 1) and it increases strongly with decreasing temperature (Fig. 2) . These results are in agreement with the experimental results by Engelhardt and Sackmann (1988) for temperatures above 5°C. They found that the membrane viscosity increases remarkably with decreasing temperature below 20°C. From Fig. 1 and Fig. 2 In comparison with that, the response time for T = 25'C is only a few seconds. In our measurements we used operation times At = 20 s for T = 25°C and At = 40 s for T ' 0°C for each value of the applied field strength. time Trel is also increased, and thus, due to the high response times required for subzero temperatures, the deformed cell will never relax to its original shape when the field strength is turned off. values of E in the whole range up to 13 kV/cm and for different temperatures. The results for the deformation from both methods were in good agreement. It turned out that even repetitions of a single measurement at the same value of E always lead to the same steady-state deformation value. However, the step operation method is restricted to increasing values of E and leads to mistakes if E is decreased stepwise (due to the long relaxation times).
Viscoelastic relaxation and irreversibility

Cell alteration during the measurement
If the erythrocytes are removed from the plasma and brought into LISS, the efflux of potassium ions is increased. Thus investigations were necessary to prove that this increasing amount of ions within the LISS has no effect on the polarization mechanism during the time of measurement. Deformation measurements were taken from cells that have been incubated in LISS for -30 min before measuring and were compared with measurements of cells that were performed immediately after the resuspension in LISS. Results from both methods agreed well. The reason is probably the very small amount of cells within the measuring solution. From separate measurements we found that, when the cells are diluted 20-fold with LISS, the K+ concentration rises by 10% after 30 min of incubation and by 20% after 60 min (T = 25°C). For dilution by a factor of 1000 (which corresponds to our measurement conditions) the increase of potassium ions within the sample after 60 min is below the detection limit.
On the other hand, strong deformation of the cells and high electric fields applied for long periods of time may lead to an increased efflux of ions or change the intracellular amount of water. Engelhardt (1987) found that the applied (Maxwell-Wagner) force is decreased by 20% during a field operating time of 15 min. Our test measurements (mentioned in section 2) exhibited no significant changes for the deformation during a measurement time of 10 min. (Engelhardt and Sackmann, 1988) and with flow-channel data (Nash and Meiselman, 1983) . For higher deformation (regimes III and IV) there exist only data from experiments where mechanically generated forces have been applied to the cells. In the case of imposed uniaxial mechanical stresses (e.g., laminar shear flow) the resulting cell deformations can be qualitatively compared with our results (for example, see Pfafferott et al., 1985; Johnson, 1994) . It turns out that the elastic response of the RBCs to our electrically induced force (in the whole range of E) is very similar to the cell behavior under an applied mechanical shear force. This is especially important for the interpretation of the fourth deformation regime. Johnson (1994) found that the permeability of RBCs to cations increases when they are highly deformed by mechanical forces up to ellipticities EI ' 0.75, with the definition EI = (L -W)/(L + W), where L and W are the length and width of the ellipsoidally elongated cell (projection into the plane parallel to the long axis). The maximal value of the above defined ellipticity index that could be attained in our experiments was EI = 0.66 + 0.04 (for the highest deformation at 25°C and 0°C). In our case an increased ion permeability caused either by high deformation or by pore formation induced directly by the electric field (see section 6) could mean a decreased electric force for high field strengths due to the progressive reduction of the Maxwell-Wagner polarization leading to flattened deformation curves. But this effect cannot play a predominant role in our measurements as the flattening of the deformation curves for high shear stresses can also be observed under mechanically generated forces. The behavior for high forces (or high field strengths) seems to be a property of the erythrocyte mainly caused by its geometry, as has been mentioned by many authors. As the shear modulus for the RBC is approximately four orders of magnitude lower than the elastic area compressibility modulus (Evans and Skalak, 1980) Fig. 6 . This is, of course, only a rough approximation. Detailed measurements in the interval [-5 , +5]'C will probably lead to smoother functions.
Deformation dc(E)T
Summarizing the elastic behavior of the erythrocyte membrane for temperatures below 0°C, we can say that it remains deformable down to -15°C when high electric fields are applied, but it exhibits high shear rigidity under low field strengths (i.e., in the deformation regimes I and II; notice, for example, the high slope of curve 4 in between -100 and 0°C (-20°C) , which is unknown for subzero temperatures.
Hemolysis during the deformation experiments
The hemolytic process for individual cells during deformation in a strong electric field can be observed in detail in a light microscope (see Fig. 7 , elongated and hemolyzing cells); when a certain critical field strength is reached, the deformation suddenly decreases and the cells quickly relax to a spherical shape. Those that were pulled previously to an section). Tests for T = -100 and -15°C again showed no hemolysis, not even for the highest field strengths (Eeff.* = 17 kV/cm). If there is pore formation at all for subzero temperatures, the pore size is obviously too small to allow hemolysis.
The low temperature behavior is not a result of the increased viscosity of the hemoglobin (cytoplasm) that might prevent its outflow. This could be proved indirectly by heating up the suspension slowly to 25°C after the field had been turned off. When T = 00 to +4°C was reached, the residual deformation that had remained from the deformation at -10°or -150 disappeared completely and the cells relaxed to their initial discocytic shape, but no hemolysis could be observed. On the other hand, an eventual resealing of pores formed by the electric field at subzero temperatures is not expected at temperatures 00 to +3°C. Kinosita and Tsong (1977b) discussed the temperature dependence of the resealing process for electric-pulse-treated erythrocytes. At 3°C the porated cells remained highly permeable even after 20 h. Thus if pores large enough to allow hemolysis were built at subzero temperatures, the hemolytic reaction would be visible at 0°C, because for this temperature we normally get hemolysis in the electric field (for v = 100 kHz even at low field strengths). For Zimmermann, 1979; Holzapfel et al., 1982; Marszalek et al., 1990; Stenger et al., 1991; Tsong, 1991) Formation of pores within the cell membrane sets in when the field-induced transmembrane potential reaches a certain critical value. For human erythrocytes this value has been determined to be 0.8 V (for T = 250 to 37°C) and 0.87 V (T = 5°C) in experiments measuring the increase in the conductivity of the erythrocyte suspension under an 80-,us electric pulse (Kinosita and Tsong, 1979) , and -1 V in potassium release experiments after applying a 20-,us pulse (Kinosita and Tsong, 1977a) .
In the following we calculate an interval for the critical electric field strength from Eq. 1 using U°= Uo bepore tween 0.8 and 1 V, assuming that for temperatures below 0°C UO will not exceed 1 V. The membrane capacitance pore Cm was measured to be -0.7 liF/cm2 for v = 10-200 kHz (Takashima et al., 1988) . We assume that this value will not vary strongly with increasing frequency up to 1 MHz. As the cell subsequently elongates for increasing field strengths, the ellipsoidal semi-axes f, g, and h change their values. We measured the minor semi-axis h = 1.5 ,um to be nearly independent of deformation, and the major semi-axis f increases and the major semi-axis g decreases with increasing E. With increasing elongation of the cell the critical field strength for pore formation is shifted to lower values (for constant Upore) mainly due to the increasing geometric factor y. For calculating E ore = E ?(Uore) Eq. 1 requires the actual valuesf(E°ore) and g(E°o.e) of the ellipsoidal cell, so EPo is obtained by successive approximation. pore As long as the transmembrane potential is below Upore the membrane should be intact and, therefore, almost perfectly insulating. Then Gm = 0, a = 0 and Tm = Te (cf. Eqs. 2, 4, and 6). Using this in Eq. 1 the calculated E°ore then denotes the applied field strength (maximal amplitude at the poles of the elongated cell) for which pore formation in a 1 MHz AC field sets in. These results and our input data are summarized in Table 1 . The conductivities of external (LISS) and internal (cytoplasm) media have been taken from impedance measurements for v = 1 MHz (Wolter and Thom, 1996; Thom and Wolter, in preparation) . E°oreI and Epore2 are the critical field strengths for U0Ooe = 1 and 0.8 V, respectively, and the geometric parameters were calculated for a mean size of an elongated cell within this critical interval by numerical integration of Eq. 5.
The critical field intervals for pore formation are displayed in Fig. 4 in terms of the effective field strength E eff-= E0orJ/V, calculated from the measured effective pore Po voltage LPIf of the applied field. It turns out that for all temperatures examined here the calculated critical field strengths for pore formation lie at the beginning of the third deformation regime d -\/E, but are still well below those field strengths Ejy10s for which the breakdown of the cell polarization and the immediately following hemolysis can be observed. For 250 and 0°C the experimentally measured El is approximately three times larger than the calculated Epore (for Uore = 1 V). If this is also true for -10°and -15°C, this will explain why we cannot observe hemolysis for these temperatures. In the following we will discuss some effects that could account for the large difference between E°e and po lysis Beside these effects one has of course to bear in mind that Eq. 1 is strictly valid only for homogeneous electric fields and thus in our case can serve only as an approximation. E0 ax for 250 and 0°C is the field strength (peak value) for which most of the cells hemolyze, for -10°and -150C it denotes the maximal field strength reached in the experiment (no lysis); UOax is the corresponding membrane potential calculated from Eq 1.
Krueger et al.
Pulse length and pore size
The calculated E°ore denotes the beginning of pore formation that can be measured as an increase of the conductance and possibly also of the permeability of cell membranes. This has been called electrical (or dielectric) breakdown, which is reversible, because the pores reseal when the electric field is turned off. To rupture the membrane (irreversible breakdown), the pore size has to be increased to an amount large enough to discharge the membrane completely (which should be visible as depolarization of the cell) and finally to allow the release of hemoglobin. This can be obtained by increasing the field intensity or the pulse duration. Kinosita and Tsong (1977a) found that the hemolysis reaction is very slow for applied electric pulses <5 As.
Zimmermann (1982) , using the theory of inverted pores developed by Chizmadzhev et al. (see Refs. 265-273 in Zimmermann's review article, 1982) , showed that the formation of these pores leading to irreversible membrane breakdown cannot be expected for charging times less than 1 ,us (for artificial bilayer membranes). Although the field duration is quite long in our experiments (several seconds for 25°C) one half-period of the applied sine-wave for 1 MHz lasts only At = 0.5 ,us. After carrying out our deformation experiments for v = 100 kHz it could be proved that the frequency 1 MHz is indeed the main cause for shifting E,ysi to such high values. Exposing our cell suspension at 25°C to a sine-wave pulse at v = 100 kHz for some seconds, we observed hemolysis for field strengths E j s i between 2260 V/cm (threshold value) and 3000 V/cm (100% hemolysis), which is in good agreement with data from literature obtained from DC pulse experiments. The cell deformations for 100 kHz and 1 MHz are of the same order of magnitude, so that the electric forces stretching the cell are constant within this frequency interval. For oi (25°C, 100 kHz) = 4.5 X 10-3 S/cm, O,e = 1.54 X10-4 S/cm (Wolter and Thom, 1996; F. Thom, in preparation) and U°ore = 1 V we obtain from Eq. 1 E°ore = 1640 V/cm, which is very close to the measured value for Elysis. exceed 1 V. If for 25°and 0°C the transmembrane potential U°is calculated from Eq. 1 by using E? = Eo5 5 (see Table  1 ) one obtains U°ysis = 3.75 V (25°C) and U, = 3.4 V (0°C). It seems to be quite improbable that a cell membrane can be polarized to such high potentials without being destroyed, so that the pulse length dependence of Uore alone cannot account for shifting E?,sis to the observed high values for 1 MHz.
Sucrose
Hemolysis provoked by an electric field can be explained by a colloid-osmotic swelling of the cells due to the permeability increase of the membrane (uptake of water and sodium and release of potassium) induced above a critical value of the field strength. It is known that in isotonic solutions containing increasing concentrations of impermeable molecules such as sucrose the cell swelling is blocked as long as the pore size is too small to permit influx of sucrose. Thus the hemolytic reaction is slowed down, shifting the onset of hemolysis to higher field strengths, although the critical membrane potential of -1 V remains unaffected (Zimmermann et al, 1976; Kinosita and Tsong, 1977c (Zimmermann and Benz, 1980 10 ,uS/cm (25°C) . If the critical transmembrane potential for pore formation in this solution is assumed to be 1 V, the critical field strength can be calculated from Eq. 1 (see section 6) to be Eeff = 11.9 kV/cm (for 25°C and 1 MHz). Thus for our field strengths electrically induced hemolysis can be excluded for the LISS2. As Fig. 8 shows, the deformation for 25°C can be measured up to values for E that are limited only by our technical equipment. The hemolysis rate is below 20% for Eeff 12 kV/cm whereas a maximal deformation d 2.4 (or EI 0.73) could be obtained.
For our measurements in the LISS with oe = 154 ,uS/cm (displayed in Fig. 4) (unpublished) . The basic temperature of the sample was fixed at 9°C. A defined field strength was then applied, and the time-dependent temperature rise in the solution between the electrodes of the measuring chamber was recorded by a video camera. The value for the temperature rise, AT, leading to a new local steady-state temperature between the electrodes was then determined spectroscopically. The results are that 1) the temperature rise AT increases linearly with (Eeff)2 and 2) for the temperature rise for several applied (effective) field strengths, AT ' + 1°C (for Eeff c 3 kV/cm), +2°C (4 kV/cm), +3.5°C (5 kV/cm), and +6.50 (7.4 kV/cm), with an accuracy of ±1°C.
These moderate values for AT even at high field strengths result mainly from the high heat conduction within the aqueous (LISS) solution driven by the temperature gradient between the region of heat formation and the cooled basis of the experimental system. The heat conductivity of water is decreased by 7% with decreasing temperature between 250 and 0°C (Lax, 1967) . This would mean that AT is slightly higher at 0°C compared with our measured values at 9°C. But in the interval T = 25°to 0°C a temperature rise of maximally 2°C (for Eeff c 4 kV/cm) would lead to a negligible increase for the deformation. Even for field strengths exceeding 4 kV/cm a severe increase for the deformation is not possible as the deformation generally increases only weakly in the fourth deformation regime due to the limited cell geometry. It is also quite improbable that a temperature jump of -6°C could be responsible for the observed hemolysis at 25°C.
For subzero temperatures (that means for supercooled systems) there are, to the authors' knowledge, no data available for the heat conductivity. Both the increase of T'res and the decrease of dc,,E(7) between 00 and -15°C proved to be especially high for low deformations (at low field strengths). In addition to altered membrane properties at subzero temperatures the following items that could have an influence on the applied electric force should also be taken into consideration: 1) for a given field strength (in a homogeneous field) the electric force acting on the ellipsoidal cell increases linearly with increasing elongation (Landau and Lifschitz, 1967; and unpublished data) , 2) the field strength in our inhomogeneous field decreases with the distance from an electrode; i.e., with increasing elongation the electric force acting on the cell (-E2) decreases continually, and 3) the conductivities of the cell cytoplasm and the external solution are decreased by 70% between 250 and -15°C. Thus the interval for which the Maxwell tension acting on the cell is constant is shifted to lower frequencies. For the frequency 1 MHz therefore the acting electric force could be lowered for subzero temperatures, leading to a decreased deformation for the same field strength. Items 1 and 2 are counteracting, but the decrease of the force in 2 with the elongation is stronger than the linear increase in 1, which can be determined from the equation for the field strength. Thus, for a fixed voltage U the resulting force would be even higher for the low deformations at subzero temperatures. The contribution of 3 cannot be discussed up to now because it should be determined by calculating the Maxwell tension using the permittivities for subzero temperatures. However, the most important result of our measurements is that erythrocytes can be deformed to appreciable values (d0-2) even at temperatures below 0°C (for high field strengths) without destruction. For T < 0°C we observed no cell hemolysis.
For the frequency 1 MHz the values for the critical field strength, E ,ly,i for which the polarization breakdown and hemolysis of the cells were observed for T 0°C are three times higher than the calculated critical field strengths for electrically induced pore formation, E°ore. As Eo is shifted to higher field strengths with decreasing temperature, the expected values for E°at T < 0°C exceed our possible maximal field strength, and thus hemolysis could not be observed for 1 MHz. However, the measurements for 100 kHz lead to the conclusion that there must be another mechanism for retarding pore growth at subzero temperatures. 
APPENDIX
In the following the elongation of an oblate ellipsoid with semi-axes f g > h along thef axis resulting in a prolate ellipsoidal bodyf > g 2 h will serve as a simplified model to describe the deformation of an erythrocyte by a uniaxial force parallel to f. Starting with initial axes fo, go, ho corresponding to a given cell volume V and an initial surface area SO, the major semi-axisf was stepwise increased and then the solutions for g,h and S satisfying the equation for the surface area of an ellipsoidal body with the boundary conditions of 1) constant volume, 2) constant surface area S = SO, and 3) g 2 h (there exist symmetrical solutions h 2 g) were calculated
numerically. The aim was to determine the maximal value for f fmax tO fulfill the conditions of constant surface area and volume. Forf > fmax the surface area of the ellipsoid has to be increased to obtain solutions for g and h fulfilling the condition of constant volume. These calculations have been performed for two different cell volumes. If the surface area of a human RBC is increased by more than 6%, hemolysis will occur (Blackshear, 1987) . For both values of V this would lead to d,,i,, 2 in our simple model. The true value for d,ysis will be higher due to the biconcave shape of the erythrocyte resulting in a higher surface area for the same volume.
